ABSTRACT Fluid transport across the retinal pigment epithelium (bullfrog) has been measured. These experiments were carried out by using a capacitance probe technique and a waterimpermeable chamber that allowed the measurements to be made with an accuracy of 0.5-1.0 nl/min. With identical Ringer's solution on both sides of the epithelium, and in the absence of a hydrostatic driving force, the direction ofnet fluid movement is from the retina to the choroid (absorption). The net transport rate, approximately 10 nl/min (4.8 jl/cm2'hr), is comparable to that observed in other amphibian epithelia. It is reduced to zero by the mitochondrial uncoupler 2,4-dinitrophenol but is relatively unaffected by ouabain, which inhibits the Na+/K+-pump located on the apical membrane of this epithelium. A significant decrease in net fluid absorption was produced by dibutyryl cAMP and 3-isobutyl-1-methylxanthine (a potent phosphodiesterase inhibitor). This cAMP-dependent fluid transport may be an important mechanism for controlling the fluid volume in the subretinal space.
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In the vertebrate eye, nutrition of the intraocular tissues takes place across two transporting epithelia, the ciliary body and the retinal pigment epithelium (RPE), which in terms of structure and function are similar to the blood-brain barrier (1, 2) . The anatomical relationships between these tissues and other structures in the eye are shown schematically in Fig. 1 . The ciliary epithelium produces the aqueous humor by two mechanisms: secretion, due to active transport, and filtration, due to oncotic or hydrostatic pressure differences or both. The chemical composition of this fluid, the factors that influence its rate of formation, and its importance for visual function have been extensively reviewed (3) .
The RPE provides a major transport pathway responsible for the exchange of metabolites and ions between the choroidal blood supply and the neural retina (4) (5) (6) (7) (8) ; a small but significant fraction of the aqueous humor exits the eye through this pathway (3) . In contrast to aqueous humor secretion, there has been no information about the magnitude and direction of fluid movement, mediated by active ion transport, across the pigment epithelium. This lack of information prevents us from understanding how the RPE functions to maintain the ionic milieu of the subretinal space (the extracellular space between the photoreceptors and the RPE). It also limits our understanding of the mechanism of retinal attachment to RPE and why detachment occurs in a host of pathological responses that lead to the accumulation of fluid in the subretinal space (9) (10) (11) .
The present experiments demonstrate the presence of net fluid transport across the isolated RPE (bullfrog). The direction is retina to choroid (absorption), that is, out of the subretinal space. This transport is inhibited by 2,4-dinitrophenol (DNP), the well-known mitochondrial uncoupler, but is not appreciably affected by ouabain. These experiments also show that fluid transport is significantly inhibited by N6,02'-dibutyryl cAMP (Bt2cAMP) and 3-isobutyl-1-methylxanthine (iBuMeXan), a potent phosphodiesterase inhibitor.
METHODS
The fluid measurements were carried out by using a volumetric technique developed by Wiedner and his colleagues (12) (13) (14) . A detailed discussion of the method will be presented elsewhere. Briefly, the isolated frog RPE-choroid was placed, choroid-side down, on either a Microporous filter (Amicon) or a Nitex screen (Tetko, Elmsford, NY). This sheet was then mounted in a specially designed chamber that allowed us to measure fluid transport over a period of hours at a sensitivity of <1 nl/min. The chamber was constructed out of Kell-F. This material was a generous gift of Ted Knudsen (Fluorocarbon, Anaheim, CA). Other plastics such as Lucite are difficult to use because they absorb water at a rate comparable to the transport rate of the epithelium itself (15, 16 ).
The changes in fluid level on each side of the tissue were monitored by using capacitance probes and the appropriate transducer circuitry (Mechanical Technology, Latham, NY). The probes provide a sensitive measure of the capacitance between the probe face and the surface of the fluid on each side of the tissue. At distances less than 200 um the capacitance probe produces a voltage directly proportional to the distance separating the probe face and the surface of the fluid. Changes in fluid level were recorded as a function of time and provided a direct measure of the rate of fluid movement across the epithelium, Jv (nVmin).
In addition to the fluid measurements we simultaneously measured the transepithelial potential (TEP), transepithelial resistance (R"), and temperature. The TEP is an important measure of the overall physiological state of the tissue (4) (5) (6) (7) (8) . The transepithelial resistance is a measure of the extent of the edge damage that is created when the tissue is mechanically sealed in the chamber. In previous studies with this epithelium it was demonstrated that one could not reliably measure net isotope fluxes across the tissue unless Rt was at least 250-300 fQ-cm2 (6) . In the present experiments we also found that we cannot reliably measure net fluid transport unless Rl > 300 fl-cm2 (time t > 40 min).
Temperature probes, placed on both sides of the tissue, allowed us to evaluate the flow tMnsients that occurred because of the temperature-dependent volume expansion of water. The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 The chemical composition of the fluid on one or both sides of the tissue could be altered during the course of an experiment. In most experiments the Ringer's solution on both sides of the tissue had identical compositions: 82.5 mM NaCl, 27.5 mM NaHCO3, 2 mM KCI, 1 mM MgCl2, 1.8 mM CaCl2, and 10 mM glucose, gassed with 95% 02/5% C02 to a pH of 7.4 ± 0.1. The final osmolarity was 227 mosM. In some experiments 1 mM Bt2cAMP and 0.5 mM iBuMeXan were added to the apical solution and in other experiments 0.1 mM ouabain or 1 mM DNP was added to the apical'solution. These solutions could not be gassed during the course of the experiment. We calculate that there should be more than enough 02 to keep the tissue functioning for many hours. In one experiment, after several hours, all the Ringer's solution on one side ofthe tissue was replaced with freshly oxygenated Ringer's solution. This caused no change in fluid flow.
The results are presented as the mean ± SEM and the level. of statistical significance was determined by using the Student and nl/min (right-hand side). The average steady-state rate in this experiment was =3.8 pi/cm2.hr or 8.0 nl/min. It took =50 min for Jv to reach its steady-state value; this is also the time it took for the establishment of thermal equilibrium between the fluid in the temperature-regulated water jacket (19°C) and the fluid on both sides of the tissue. At t = 0, the TEP and R, were 14 mV and 340 Q-cm2, respectively. With bicarbonate Ringer's solution (Methods) on both sides of the tissue, the direction of fluid flow is always in the retina-to-choroid direction and its average value at t = 70 min is 4.8 ± 0.5 Audcmm2.hr (n = 17). Relative to this value the average decrease inJvwas -12.5 ± 5.2%perhr(mean.+ SEM, n = 17). In these same experiments the average decrease in TEP was -12.8 ± 2.9% per hr. In seven experiments we used a "push-pull" system (t = 190 min) to inject Ringer's solution at the bottom of either half-chamber near the stirring bars; and, at the same time, an equivalent volume of the "31d" Ringer's solution was withdrawn near the top of the chamber. This exchange was made slowly, over a period of 5-12 min, without altering TEP, Rt, or Jv. Because it would take hours for the fresh solution to reach the tissue by diffusion, the bulk solutions were thoroughly mixed by turning on the stirring bars, at 220 min, for 15 This occurred in each of four experiments. The average decrease was 3.0 ± 0.5 4d/cm2 hr. In control experiments, stirring 1.5 mM mannitol into the apical solution had no effect on TEP, RI, orJJv.
DNP could have its effect intracellularly by interrupting the supply of ATP to an active transport system as yet unspecified. Because it is a proton ionophore, it could also work at the RPE apical or basal membranes, thereby increasing their conductance to protons. The latter possibility seems unlikely because DNP causes a rise in transepithelial resistance (Fig. 3) and because, as shown in previous electrophysiological experiments (17) , the DNP-induced depolarization of the apical and basal membranes, here seen as a decrease in TEP (Fig. 3) , is not accompanied by a change in the ratio of apical to basal membrane resistance.
*Other control measurements were also performed. The tissue was replaced by Parafilm to measure the baseline drift due to leaks and asymmetries in the two half-chambers. Its average value was 0.84 + 0.63 nl/min (mean ± SEM, n = 20), which is significantly smaller than the average value offlow generated by the tissue (Figs. 2 and 3) . Hydrostatic effects were obviated by carefully leveling the chamber and by applying a hydrostatic head of 1-2 mm H20 opposite to the direction ofJv. In poorly sealed tissues with Rt < 300 flQcm2 (t > 40 min), this maneuver significantly reduced the magnitude ofJv and in some cases reversed its direction. These experiments were discarded.
In all tissues with Rt > 300 flQcm2 (n = 20), the hydrostatic head had no effect onjv, and this was taken as presumptive evidence for tissuemediated fluid flow. The magnitude and direction ofJv was the same regardless of which half-chamber faced the retinal side of the tissue.
Figs. 2 and 3 show that the RPE is capable ofabsorbing fluid in the absence oftransepithelial osmotic or hydrostatic pressure gradients and that this transport is most likely dependent on oxidative metabolism.
Rates offluid transport by epithelia are often determined by the rate of turnover of the Na' pump (18) (19) (20) , and control is often exerted through changes in cellular content of cAMP (21-24). We have tested the effects of ouabain, the well-known inhibitor of the Na+/K+-ATPase, and exogenously added Bt2cAMP and iBuMeXan.
It has been previously demonstrated for the RPE that the apical, but not the basal, membrane contains a ouabain-inhibitable, hyperpolarizing, electrogenic Na' pump (17) . The location of this pump on the apical membrane, which faces the retina, would tend to produce a net secretion offluid from choroid to retina. This is opposite to what is actually observed-i.e., net fluid absorption (Fig. 2) . It was possible, however, that inhibition of this pump might unmask an even greater net absorption of fluid. We therefore examined the effect of 0.1 mM ouabain on Jv Fig. 4 shows that ouabain had very little effect on Jv, but it did cause an immediate decrease in TEP and a slow increase in Rt, as previously shown (17) . The average values forJv7, TEP, and R' just prior to stirring and at 40 min after stirring (t = 145 min) are: 3.7 ± 0.5 and 2.8 ± 0.4 jd/cm2 hr (P < 0.007); 7.1 * 0.5 and 1.1 ± 0.1 mV (P < 0.001); and 387 ± 20 and 392 * 25 Qcm2 (P > 0.05). These data show that the Na' pump is not the main driving force for fluid transport across the RPE. Experiments to be reported elsewhere indicate that this transport is most likely coupled to the active absorption of HCO3 .
In the isolated short-rcircuited frog RPE it was recently shown that increased cellular levels of cAMP are associated with increased transport of NaCl from the choroid to the retina (25 ,ud/cm2.hr, consistent with the measured decrease.
These experiments showthat the RPE is capable ofabsorbing fluid at a rate comparable to other transporting epithelia (18) (19) (20) (21) (22) (23) (24) . This fluid transport is not directly coupled to the Na+ pump (located on the apical membrane of this epithelium) but appears to be dependent on oxidative metabolism. The cAMPdependent volume flow demonstrated in these experiments may prove to be an important mechanism for controlling the chemical composition and the volume of the subretinal space.
For example, preliminary experiments (not shown) indicate that the extracellular concentration of HC03-is an important determinant of fluid flow across the RPE. Extracellular HCO3 is also an important determinant of fluid transport in other epithelia (26) (27) (28) (29) (30) . The results presented in this paper could be significant for our understanding of retinal and pigment epithelial function in both normal and pathological states (4) .
